Objective-To determine whether obesity and insulin resistance associate with changes in the protein content of high-density lipoprotein (HDL) in 2 different groups of men by using targeted proteomics. Methods and Results-Insulin resistance and obesity are hallmarks of type 2 diabetes mellitus and the metabolic syndrome, which confer an increased risk of cardiovascular disease. Recent studies suggest that the protein cargo of HDL makes important contributions to the lipoprotein's cardioprotective effects. In a discovery study, we used isotope dilution mass spectrometry to quantify the relative concentrations of 5 proteins previously implicated in HDL's cardioprotective effects in 3 groups of healthy subjects: lean insulin-sensitive, lean insulin-resistant, and obese insulin-resistant individuals. We validated our findings in a different group of subjects. The clusterin concentration in HDL strongly and negatively associated with insulin resistance and body mass index in both populations. HDL clusterin levels were lower in subjects with low HDL and high triglycerides, key components of the metabolic syndrome. There was an inverse correlation between clusterin levels in HDL and very-low-density lipoprotein/ low-density lipoprotein. Key Words: high-density lipoprotein Ⅲ atherosclerosis Ⅲ apolipoprotein J Ⅲ clusterin Ⅲ intra-abdominal fat Ⅲ insulin resistance Ⅲ obesity M any environmental and genetic factors contribute to the metabolic syndrome, whose hallmark is reduced insulin sensitivity accompanied by hypertension, hypertriglyceridemia, and obesity. 1,2 Obesity and insulin resistance are also components of type 2 diabetes mellitus. 3, 4 These factors, in turn, contribute to the initiation and progression of atherosclerotic cardiovascular disease (CVD). 3, 4 Another cardinal feature of metabolic syndrome is a low level of high-density lipoprotein (HDL), which strongly associates with an increased risk of atherosclerotic vascular disease.
M
any environmental and genetic factors contribute to the metabolic syndrome, whose hallmark is reduced insulin sensitivity accompanied by hypertension, hypertriglyceridemia, and obesity. 1, 2 Obesity and insulin resistance are also components of type 2 diabetes mellitus. 3, 4 These factors, in turn, contribute to the initiation and progression of atherosclerotic cardiovascular disease (CVD). 3, 4 Another cardinal feature of metabolic syndrome is a low level of high-density lipoprotein (HDL), which strongly associates with an increased risk of atherosclerotic vascular disease.
One important cardioprotective function of HDL is to remove cholesterol from cholesteryl ester-laden macrophages in the artery wall. [5] [6] [7] The anti-inflammatory properties of HDL may also contribute to its antiatherogenic effects. 8, 9 HDL's cardioprotective ability may depend on the types of particles generated metabolically and on the fact that HDL in humans with established CVD is dysfunctional. 8 -12 Indeed, animal studies [13] [14] [15] convincingly demonstrate that changes in HDL's protein composition can promote atherosclerosis, even when plasma levels of HDL cholesterol (HDL-C) are normal or elevated.
To explore the potential clinical relevance of protein composition in HDL's cardioprotective effects, we used targeted proteomics to determine the relationship between the relative concentration of 5 different proteins in HDL and 2 key features of metabolic syndrome: obesity and insulin resistance. We quantified proteins that have previously been implicated in HDL's cardioprotective effects: apolipoprotein (apo) A-I, 6, 7 clusterin, 5,16 -20 apoE, 21 apoM, 22, 23 and complement component C3. 20,24 -26 Our observations indicate strong positive correlations between clusterin levels in HDL and insulin sensitivity and strong negative correlations with increased obesity and dyslipoproteinemia. In contrast, levels of the other proteins were not associated with these features of metabolic syndrome. These results raise the possibility that clusterin depletion indicates the presence of dysfunctional HDL.
Methods

Study Populations
All studies were approved by the institutional review boards of the University of Washington, Seattle, and the University of Oklahoma Health Sciences Center, Oklahoma City, and subjects gave written informed consent. The discovery study (University of Washington) involved 30 healthy nonsmoking men with no history of atherosclerosis. Subjects were distributed into 3 groups: lean insulin-sensitive, lean insulin-resistant, and obese insulin-resistant individuals (nϭ10 per group). 27 Body habitus was based on body mass index (BMI) (lean subject, BMI Ͻ27.5 kg/m 2 ). 28 Insulin sensitivity was quantified by the sensitivity index (S I ), using the frequently sampled tolbutamide-modified intravenous glucose tolerance test (insulinsensitive subject, S I Ն4.2ϫ10
Ϫ4 min Ϫ1 per U/mL). 27 Intraabdominal and subcutaneous fat areas were determined by computed tomography. 29 The validation study (University of Oklahoma) involved 23 healthy men age matched to 16 men with type 2 diabetes; 6 (15%) of the 39 subjects were smokers at the time of the study. Homeostasis model assessment of insulin resistance (HOMA-IR) was calculated as previously described (fasting glucose [mmol/ L]ϫfasting insulin [U/mL]/22.5). 30 Additional details on the 2 populations of subjects, including how subjects were diagnosed as having metabolic syndrome, are provided in the supplemental data (available online at http://atvb.ahajournals.org).
Lipoprotein Isolation
HDL (dϭ1.063 to 1.210 g/mL) and very-low-density lipoprotein (VLDL)/LDL (dϽ1.063 g/mL) particles were isolated by sequential density gradient ultracentrifugation from EDTA-anticoagulated plasma collected after overnight fasting. 20 Plasma was brought to a density of 1.21 g/mL with solid potassium bromide, loaded into an ultracentrifuge tube, and gently overlaid with normal saline adjusted with potassium bromide to a density of 1.21 g/mL. After ultracentrifugation at 146 000 g for 41 hours, lipoproteins in the top fourth of the tube were collected; the density of the solution was adjusted to 1.063 g/mL, and the samples were centrifuged at 146 000 g for 16 hours. HDL from the bottom two-thirds and VLDL/LDL from the top one-third of each tube were iteratively concentrated and diluted 7 times with 20-mmol/L potassium phosphate and 0.1-mmol/L diethylenetriamine pentaacetic acid, pH 7, using a 50-kDa centrifuge filter. Protein concentrations were determined by the Bradford assay. Lipoproteins were stored at Ϫ80°C until analysis.
Liquid Chromatographic-Tandem Mass Spectrometric Quantification of Proteins in Lipoproteins
Complete details are provided in the supplemental data. Briefly, tryptic digests of reduced, alkylated HDL, or VLDL/LDL (10 g protein) were supplemented with isotope-labeled internal standard peptides for 5 proteins (supplemental Table I ). This approach controls for sample-specific suppression of ionization and variability in mass spectrometer performance. 31 Peptides were desalted on a C18 trapping column and subsequently eluted and separated with a C18 analytic column using a linear gradient of acetonitrile. Peptides were detected by selected reaction monitoring on a triple quadrupole tandem mass spectrometer. Peptides were quantified by isotope dilution, using the ratio of endogenous peptide ion current to the corresponding internal standard peptide ion current. Relative concentrations for each protein were normalized across each population (discovery or validation) such that a relative protein concentration Ͼ1 indicates that the protein is enriched compared with the average of the population; a relative protein concentration Ͻ1 indicates that the protein is depleted. The method was validated by comparing liquid chromatographic-tandem mass spectrometric quantification of apoA-I with a nephelometric assay (supplemental Figure I) . Absolute concentrations of clusterin in HDL were not calculated because a suitable matrix-matched calibrator was not available.
Statistical Analyses
BMI, triglycerides, intra-abdominal fat, subcutaneous fat, and insulin sensitivity (S I and HOMA-IR) were modeled using log e -transformed data, based on the log-normal distribution of the larger population (nϭ186 to 275 observations for each variable) from whom the subjects of the discovery population were drawn. 27 Two HDL samples in the discovery study with very-low apoA-I levels were excluded from the analysis. The means of groups were compared using 1-way ANOVA or the Student t test. For log-normal data, medians were compared using Kruskal-Wallis or Wilcoxon rank sum tests. All tests of significance were 2-sided.
Results
We used a 2-tiered strategy to determine whether the relative concentration of 5 important proteins in HDL associated with features of the metabolic syndrome and other risk factors for CVD. First, in the discovery study, we used isotope dilution mass spectrometry with selected reaction monitoring to measure the concentrations of the 5 proteins in HDL isolated from healthy subjects enrolled in a metabolic study (nϭ30). We validated our observations in a different group of subjects recruited from an outpatient medical clinic (nϭ39).
Characteristics of the Discovery Group Subjects
For the discovery study, we isolated HDL from 3 groups of age-matched healthy men: lean insulin-sensitive, lean insulinresistant, and obese insulin-resistant men (nϭ10 per group; Table 1 ). [27] [28] [29] None of the subjects were using lipid-lowering therapy 16 or had diabetes. Insulin sensitivity was determined from the intravenous glucose tolerance test that was used to categorize the subjects in the original metabolic study. As expected, other measures of insulin sensitivity (HOMA-IR) and obesity (waist:hip ratio, intra-abdominal fat, and subcutaneous fat) were statistically different among the 3 groups. Plasma HDL-C levels were slightly, but not significantly, lower and plasma triglyceride levels were higher in the insulin-resistant groups. Mean arterial pressure was not different between the groups.
Clusterin Levels in HDL Correlate With Features of the Metabolic Syndrome
HDL was proteolytically digested, and the resulting peptides were analyzed by tandem mass spectrometry. The relative amounts of 5 HDL proteins (per total HDL protein) were quantified by isotope dilution, using 2 synthetic internal standard peptides. By ANOVA, the amount of clusterin in HDL differed significantly among the 3 groups of subjects (Pϭ0.014; Table 1 ). However, the amounts of the other 4 proteins measured (apoA-I, apoE, apoM, and complement component C3) were not statistically different between the 3 groups (supplemental Table II) .
Next, we determined if the abundance of clusterin in HDL associated with obesity in the discovery population (Table 2) . Univariate linear regression revealed that clusterin correlated negatively with BMI (rϭϪ0.50, PϽ0.01) and with intraabdominal and subcutaneous fat content, as assessed by computed tomography (rϭϪ0.58 [PϽ0.01] and rϭϪ0.48 [Pϭ0.01], respectively). The correlation was higher for intra-abdominal fat area, suggesting that this specific depot might influence clusterin levels in HDL.
HDL clusterin also correlated with insulin sensitivity, as assessed by both the S I and HOMA-IR. The direction of change (and units) associated with insulin sensitivity, as assessed by the S I and HOMA-IR, are different; thus, increased insulin sensitivity increases the S I but decreases the HOMA-IR. For both measures of insulin sensitivity, the correlation with HDL clusterin was significant (rϭ0.52 [Pϭ0.004] for S I and rϭϪ0.54 [PϽ0.01] for HOMA-IR; Table 2 ).
More important, none of the other 4 quantified proteins, including apoA-I, correlated with obesity or insulin resistance (supplemental Table III ).
Characteristics of the Validation Group Subjects
To validate the correlations between HDL clusterin concentration and BMI and insulin sensitivity, we analyzed a second population of apparently healthy controls (nϭ23) and type 2 diabetic men (nϭ16) who lived in a different city. We selected these subjects because the samples were collected and stored at a different institution, thus eliminating the possibility that factors related to sample collection at the first site could explain our observations. All diabetic subjects were receiving oral hypoglycemic agents (1 subject was also receiving insulin therapy ). More important, none of the subjects was receiving lipidlowering therapy. 16 The BMI of the validation group was significantly greater than that of the discovery group (median, 30.4 and 26.9, respectively; Pϭ0.015). Within the validation population, the diabetic subjects were more obese and less insulin sensitive and had higher hemoglobin A 1c levels than healthy subjects (Table 3) . ‡nϭ9, 9, and 10 for lean insulin-sensitive, lean insulin-resistant, and obese insulin-resistant groups. To quantify the relative amount of each protein in HDL, we normalized the relative content of each of the 5 proteins (as monitored by 2 different isotope-labeled peptides for each protein) to a value of 1 for the entire study population. Thus, a sample in which clusterin has a value Ͼ1 is enriched in that protein relative to the population average, whereas values Ͻ1 represent depletion. 
HDL Clusterin Level Correlates Negatively With BMI and Insulin Resistance in Control and Type 2 Diabetic Subjects
HDL clusterin content was quantified in the validation population by isotope dilution mass spectrometry. Again, clusterin levels in HDL correlated negatively with BMI and reduced insulin sensitivity ( Figure 1A and B) , and the correlations remained significant after smokers were removed from the analysis (15% of the validation population). In contrast, HDL clusterin did not correlate with mean arterial blood pressure ( Figure 1C ), another risk factor for CVD and an important component of the metabolic syndrome. The correlations of clusterin with BMI and HOMA-IR were similar in the validation and discovery populations (rϭϪ0.55 and rϭϪ0.50, respectively, for log e -transformed BMI; and rϭϪ0.61 and rϭϪ0.54 for log e -transformed HOMA-IR, respectively); both were significant (PϽ0.001). More important, the slopes of the linear regression analysis of HDL clusterin and HOMA-IR were also similar, despite the significantly different median BMIs of the validation and discovery populations (standardized coefficientsϭϪ0.63 and Ϫ0.54, respectively), suggesting that the relationship is valid over a wide range of body sizes ( Figure 1A and B) .
To further investigate the relationships among BMI, insulin resistance, and the relative concentration of clusterin in HDL, we combined the discovery and validation populations (Figure 1) . The correlations and slopes between HDL clusterin and BMI (rϭϪ0.51) or HOMA-IR (rϭϪ0.57) were similar to those for the discovery and validation populations. These observations indicate that in 2 distinct groups of male subjects, clusterin levels in HDL correlate negatively with insulin resistance and BMI.
HDL Clusterin Is Depleted in Subjects With Metabolic Syndrome
By immunoassay, plasma concentrations of clusterin are elevated in subjects with diabetes. 32, 33 By using isotope dilution mass spectrometry, we also found an increased plasma concentration of clusterin in diabetic subjects, which was statistically significant even after removing 3 outlying data points (supplemental Figure II) . However, when quantifying the clusterin in HDL, we observed no significant differences between diabetic and control subjects, although there was a trend toward a lower level in diabetic subjects (Figure 2A ; Pϭ0.14).
Because our observations suggested that HDL clusterin levels associate with insulin resistance and obesity, we next determined if subjects with metabolic syndrome had lower HDL clusterin levels. We found that subjects with metabolic syndrome had significantly lower HDL clusterin levels than control subjects (Pϭ0.004; Figure 2B ).
HDL Clusterin Is Depleted in Subjects With Dyslipoproteinemia
Because high triglyceride and low HDL-C levels are characteristic features of metabolic syndrome, we investigated the relationships between dyslipoproteinemia and the concentration of clusterin in HDL. When the data from the discovery and validation populations were combined ( Figure 2C-E) , levels of HDL clusterin were significantly lower in subjects with low levels of HDL-C (Ͻ1.03 mmol/L; PϽ0.001) (Figure 2C) , high levels of triglycerides (Ն1.69 mmol/L; PϽ0.01) (Figure 2D ), or elevated levels of LDL cholesterol (Ն3.33 mmol/L; Pϭ0.015) ( Figure 2E ).
We used linear regression analysis to examine the overall relationships between HDL clusterin and triglycerides or HDL-C in our combined study population. HDL clusterin concentration strongly correlated with plasma HDL-C (rϭ0.64, PϽ0.001; Figure 3A ) and negatively correlated with log e -transformed triglycerides (rϭϪ0.59, PϽ0.001; Figure  3B ), LDL-C (rϭϪ0.30, Pϭ0.015; data not shown), and total cholesterol (rϭϪ0.37; Pϭ0.002; data not shown). These observations suggest that plasma lipid composition is an important factor that affects the concentration of clusterin in HDL. More important, HDL triglyceride concentration (per gram of HDL protein) had no relationship with HDL clusterin levels (supplemental Figure III) .
HDL Clusterin Is Negatively Associated With VLDL/LDL Clusterin Levels
Although plasma concentrations of clusterin are elevated in subjects with insulin resistance and diabetes, 32, 33 to our knowl- Hoofnagle et al HDL Clusterin, Insulin Resistance, and Obesityedge, the relative distribution of clusterin between HDL and the apoB-containing lipoproteins has not been investigated. Therefore, we isolated total VLDL/LDL from plasma of the validation subjects and quantified clusterin by isotope dilution mass spectrometry. In contrast to HDL, clusterin in the non-HDL lipoprotein fraction was directly proportional to BMI (rϭ0.61, PϽ0.001; data not shown) and HOMA-IR (rϭ0.46, Pϭ0.009; data not shown). In addition, there was a strong inverse relationship between clusterin in HDL and clusterin in LDL/VLDL (rϭϪ0.52, Pϭ0.003; Figure 3C ).
Discussion
Insulin resistance, obesity, and dyslipidemia are hallmarks of the metabolic syndrome and type 2 diabetes, which increase the risk of death from CVD. [1] [2] [3] [4] We demonstrated a strong negative correlation between the concentration of clusterin in HDL and both insulin sensitivity and BMI in 2 different populations of male subjects. HDL clusterin was unrelated to elevated blood pressure, another component of metabolic syndrome; however, there was a significant decrease in HDL clusterin levels in subjects with metabolic syndrome. None of the other 4 HDL proteins that we investigated correlated with obesity or reduced insulin sensitivity. Collectively, our observations indicate that insulin resistance and the metabolic syndrome are associated with low clusterin levels in HDL. Circulating clusterin is generally believed to be predominantly associated with HDL and is enriched in the dense HDL 3 subfraction. 34 Based on peptide peak areas in this Relative concentration of HDL clusterin in control subjects and in subjects with diabetes mellitus, metabolic syndrome, or dyslipoproteinemia. A, Diabetic subjects were compared with age-matched healthy subjects in the validation population. B, Subjects with metabolic syndrome were compared with healthy subjects in the discovery population, as described in the supplemental data. C through E, Subjects were also categorized by plasma HDL-C (C; normal Ն1.03 mmol/L), plasma triglycerides (D; normal Ͻ1.69 mmol/L), and plasma LDL cholesterol (E; normal Ͻ3.33 mmol/L). Results and error bars are meanϮSEM. The number of subjects in each group is indicated. study, approximately 22% of clusterin is present on HDL and approximately 9% is present on LDL/VLDL. Previous studies 32, 33 have found that clusterin levels increase in the serum of patients with diabetes or CVD, leading to the suggestion that levels of clusterin in HDL increase in subjects with an increased risk of vascular disease. However, none of these studies reported the concentration of clusterin in apoBcontaining lipoproteins. In contrast, mass spectrometry-based studies suggest that the concentrations of clusterin in HDL 3 are apparently decreased in subjects with established CVD. 20 Moreover, clusterin levels in HDL 3 increase when subjects with newly diagnosed CVD are treated with statin and niacin therapy, 16 raising the possibility that there is interplay between the levels of clusterin in HDL, VLDL, and LDL.
To explore the factors that affect the levels of clusterin in HDL in metabolic syndrome and other disorders, we determined the relationship between levels of clusterin in HDL and triglycerides, total cholesterol, LDL-C, and HDL-C. Clusterin in HDL correlated negatively with total cholesterol, LDL-C, and triglycerides but was positively associated with HDL-C.
Our observations suggest a model in which alterations in lipid metabolism that are secondary to insulin resistance and metabolic syndrome diminish HDL clusterin levels. Thus, we observed an inverse association between clusterin in HDL and clusterin in non-HDL lipoproteins (VLDL and LDL). This finding, combined with the direct correlation between clusterin in apoB-containing lipoproteins and insulin resistance, raises the possibility that insulin resistance might shift proteins from HDL to VLDL and LDL. It is well established that certain lipoprotein-associated proteins can move from one particle type to another, which is related, in part, to the lipid composition of HDL and the apoB-containing lipoproteins. 35 Insulin resistance, obesity, and diabetes alter the lipid content and composition of lipoproteins, 36, 37 raising the possibility that such alterations modulate the distribution of clusterin between different classes of lipoprotein particles. However, there was no association between HDL clusterin levels and HDL triglyceride levels (supplemental Figure III) , indicating that another class of lipids or that particular triglycerides with specific fatty acyl side chains might be involved.
Decreased levels of clusterin might contribute to the loss of HDL's cardioprotective properties in subjects with insulin resistance and metabolic syndrome. For example, synthetic peptides based on clusterin are potently atheroprotective in animal models. 17 Clusterin is also an inhibitor of complement activation, which is implicated in atherogenesis. 38 -41 Recent studies indicate that complement activation plays a key role in promoting tissue injury in a rodent model of myocardial infarction, 42 raising the possibility that clusterin in HDL modulates tissue damage. Indeed, mice deficient in clusterin exhibit increased tissue damage in a model of cerebral ischemia 43 and clusterin prevents an age-related progressive glomerulopathy in mice. 44 The major strengths of our study include the use of isotope dilution mass spectrometry (an intrinsically precise, quantitative, and multiplex approach that is transferable across laboratories 31 ) to investigate 2 diverse clinical populations that included both healthy subjects and subjects with type 2 diabetes. Important limitations include the relatively few subjects, the cross-sectional design, and the focus on male subjects. In future studies, it will be important to extend our observations to larger groups of subjects, women, and younger and older subjects at increased risk of CVD.
In summary, we showed that clusterin levels in HDL correlate negatively with obesity and insulin resistance and that they are lower in subjects with metabolic syndrome. Because clusterin is protective in mouse models of tissue injury, and because obesity and insulin resistance are important risk factors for CVD, our results raise the possibility that insufficient clusterin in HDL might impair the lipoprotein's cardioprotective functions.
